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ABSTRACT 
Germanium, with its almost direct gap band structure and high carrier mobility, is an 
attractive material for photovoltaic applications. To overcome the disadvantage of its low 
band gap, carbon is added to the germanium lattice. Since germanium and carbon are not 
soluble in equilibrium, only a metastable process can be used for growth. 
In this research, we used a remote, low pressure electron cyclotron resonance plasma 
enhanced chemical vapor deposition system (ECR-PECVD) to deposit nanocrystalline Ge 
and Gei.xCx films. Nanocrystalline germanium:H alloy films were grown on glass and 
stainless steel substrates from a mixture of germane and hydrogen. X-ray diffraction spectra 
revealed a predominant <220> orientation in the films. Raman spectra showed a sharp peak 
at 300 cm"1. The grain size in the films could be controlled by controlling the amount of 
hydrogen dilution during growth, with higher dilutions leading to a smaller grain size. Grain 
size varied between 15 nm and 74 nm. Hall measurements were used to characterize the 
electrical properties of the films, and they showed that as-grown films were always n type, 
with carrier concentrations in the 1016/cm3 range. The mobility of electrons was shown to 
increase with increasing grain size, with the highest mobility being 5.4 cm2/V-scc at 300 K. 
Mobility and carrier concentration both increased with increasing temperature, the latter 
observation implying that there is a distribution of deep states in the material. p+-n-n+ 
devices were made with nanocrystalline germanium base layer and they showed significant 
increase in short-circuit current compared to nanocrystalline silicon devices. This is 
attributed to the higher absorption of the material down to the infrared region as shown by 
the quantum efficiency (QE) measurement. Defect density measured by C-V measurement 
vi 
was in the 1017 cm"3 range. Diffusion length was measured using QE vs voltage techniques 
and was estimated to be ~0.5 jam. 
To add C into the lattice CH4 or C2H4 gas was added to the stock gas mixture. 
Absorption curve shifts to higher energy with higher C content. Incorporation of C atoms 
into the Ge lattice was shown to noticeably degrade the material on both mobility and 
crystallinity. However device performance is still reasonable and the QE curve shifts to 
higher energy, thus showing the photovoltaic potential of the material. 
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1. INTRODUCTION 
1.1 RESEARCH MOTIVATION 
Group IV alloys have been studied and used in microelectronic devices for many years 
because of their superior optical and electronic properties [1]. Nanocrystalline germanium-
hydrogen alloy is a potentially important material for thin film solar cells and image sensors 
[2, 3]. Making alloy combinations of Si, Ge, and C has been demonstrated as an effective and 
practical means of meeting the requirement of extreme environments and extreme device 
performance because of their potential for lattice matching and band gap engineering. 
However the crystalline Ge-C system and its potential applications in photovoltaic 
conversion, thin-film transistors and imagers have not been studied in detail. It is the 
intention of this project to study the processing and properties of this new material and 
demonstrate its use as active layer in the photovoltaic devices. The motivation behind this is 
the relation between the unique properties of the material and the performance of the 
photovoltaic devices, as described in the next section. 
1.2 MATERIAL PROPERTIES AND SOLAR CELL PERFORMANCE 
1.2.1 Fundamentals of Solar Cells 
Photovoltaic solar cell is essentially a p-n junction diode. It converts solar energy into 
electrical energy by first absorbing the light and then separating the photo-generated 
electrons and holes to different sides of the diode. The band diagram of a p+-n-n+ diode is 
2 
shown in Figure 1.1. The separation of carriers is caused by the internal field at the p-n 
junction which also acts as a barrier to prevent the separated electrons and holes to go back 
together by diffusion and recombine. This internal electric field is determined by the band 
gap and the doping density. The amount of light absorbed determines the photo current and 
the electric field determines the voltage. The photo current and voltage together determine 
the output power generated by the cell. 
To absorb light the material used in the diode needs to have a suitable band gap. If the 
band gap is too high, the light will go right through the material as if it is transparent and not 
contribute to the photovoltaic conversion. On the other hand, if the band gap is too low, the 
photon energy above the band gap will be lost as heat, thereby lowering conversion 
efficiency. Low band gap also leads to low voltage output. Since power is given by current 
times voltage, low voltage means low output power. With these in mind and also taking into 
account of the solar spectrum [4], the material band gap suitable for photovoltaic conversion 
i 
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Figure 1.1 Band diagram for p+-n-n+ solar cell 
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lies between 1.1 - 1.7eV. 
Not all the light that shines onto the solar cell will be converted to electricity. The 
conversion efficiency is limited by the losses. Besides the losses caused by surface reflection, 
contact and grid resistance and shadowing, etc, loss mechanisms in the material include 
excess photon energy mentioned above and recombination. The problem of distributed 
photon flux can be solved by selecting proper material and using a tandem cell design with 
higher gap cell at front and lower gap cells at back, thus fully utilizing solar energy. The 
problem of recombination is directly related to the material quality and structure. 
Recombination is the process that electrons and holes annihilate each other to go back to 
equilibrium. Two major recombination mechanisms are band-to-band recombination and 
Shockley, Read, Hall (SRH) recombination [5-7]. Yet another mechanism, Auger 
recombination, is significant only when the carrier density is very high. In nanocrystalline 
and amorphous thin film devices, SRH is the dominant recombination mechanism because 
the mid-gap defect density or density of the recombination centers at grain boundaries is high 
compared to single crystalline material. Therefore to optimize solar cell performances we 
need to reduce defect density, passivate the grain boundaries, and improve material quality in 
general. 
If the photo carriers recombine with each other, they will not contribute to the photo 
current. In fact most of the energy released from recombination is converted to heat, and heat 
is detrimental to solar cell performance since it increases the saturation current of the device. 
Only those carriers that manage to reach the contacts are useful for conversion of electrical 
energy. A parameter, quantum efficiency (QE), measures the percentage of photo carriers 
that are collected by the contacts without recombination. To a first order approximation 
under conditions such that L is much less than base layer thickness, t, it is given by 
e£=-^~ (i.i) 
1 + aL 
where a is absorption coefficient and L is diffusion length for nanocrystalline materials in 
regions of low electric field or range R for materials where electric field is high. Diffusion 
length is given by Y/Dr , which can also be expressed as j— JUT using the Einstein relation 
V <1 
[8]. R is given by pirE, where (i, T and E are mobility, lifetime and electric field, 
respectively. In general, the diffusion length of carriers in amorphous materials is so small 
that without electrical field to assist transport most of the photo-generated carriers cannot 
reach the electrodes and get collected. In nanocrystalline materials carrier diffusion length is 
much longer. In nanocrystalline Si it can be up to over 1.2 gm [37]. Therefore it is possible 
carriers can travel to the electrodes without field assistance and the device base layer can be 
made longer to increase absorption. 
No matter which transport mechanism is dominant, from equation (1.1) we can see that 
the performance of solar cell is determined by ja, x and a, and these quantities are determined 
by the material properties as described in the next subsection. 
1.2.2 Material Properties 
It is well known that crystalline germanium is an almost direct band gap material. Its 
central F valley in the conduction band is only 0.14eV above its lowest L valley at 300K. As 
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a result, at energy values only about 0.14eV above its thermal gap, germanium has a high 
absorption coefficient. In contrast, the difference between the central F valley and the lowest 
X valley in crystalline silicon is greater than 4eV. Therefore silicon is an indirect gap 
material and has low absorption. Figure 1.2 shows the band diagram of Si and Ge [8], 
Because of high absorption coefficient, germanium needs much thinner layer than silicon to 
absorb most of the solar photons with energies greater than the thermal gap. A thinner active 
layer in the solar cell not only means less cost in manufacturing and higher throughput, it 
also improves the efficiency of the solar cell. This is because photo carriers generated within 
the thinner active layer need to travel less distance to reach the n+ or p+ layers where they 
get collected by the electrodes. The shorter the distance they travel, the less likely the carriers 
recombine with each other and lost with no contribution to the photo current. As is seen in 
equation (1.1), high absorption coefficient leads to high QE, and therefore better performance 
Energy 300 K £= 0.668V 
E[=1.2eV 
Energy 300 K £ = 1.12 eV 
£ = 2.0eV 
Wave vector 
Heavy holes 
Heavy holes Light holes 
Split-off band 
Split-off band 
Ge Si 
Fig. 1.2 Band diagram of Ge and Si 
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of the solar cell. 
Another attractive feature of crystalline germanium is that it has much larger electron 
mobility than silicon and it has one of the largest hole mobilities known. Hole mobility of 
germanium can be as high as 1900cm2 V'V for moderate doping concentration at room 
temperature [9]. This makes microelectronics based in germanium attractive for high 
switching speed applications. In solar cells, higher mobility, especially hole mobility, is 
important. Solar cell quantum efficiency is determined by the carrier diffusion length, which 
is equal to WE^T. The diffusion length defines the average distance that the photo-generated 
11 
carriers can travel without recombination. The longer the diffusion length, the higher the 
percentage of the carriers that manage to reach the contacts and the higher the photo-current. 
Since photo-current is determined by the current of the minority carriers and nanocrystalline 
materials are generally n type, hole mobility directly influences the efficiency of the solar 
cell. In nanocrystalline materials there are many grain boundaries and the barrier at grain 
boundaries is the most dominant mechanism that limits the carrier mobility [10]. 
However, one disadvantage of germanium is that its band gap is too low to be of interest 
for photovoltaic conversion, as explained in the previous sub-section. Diamond is another 
group IV semiconductor with a very large thermal band gap of ~5.4eV and the same lattice 
structure as germanium. By alloying a small amount of carbon with germanium, it should be 
possible to shift the band gap of the resultant alloy within the optimum solar range of 1.1 -
1.7eV and perhaps also maintain the favorable band structure of crystalline germanium. The 
difficulty is that germanium and carbon are not soluble in each other at any temperatures and 
pressures in equilibrium. Ge-C alloy does not exist in nature. If one tries to make it from the 
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melt, it phase separates. To make such material, a non-equilibrium process must be used. 
Some success has been attained in fabricating meta-stable thin films of Gei-xCx by MBE [11, 
12], by UHV-CVD using germylmethane precursor gases [13], and sputtering [14, 15]. 
Another method of making this material is ECR-PECDV [16], which has been used in 
this project. This is a low temperature, low pressure process. Low temperature is needed so 
that Ge and C atoms do not have enough diffusion energy to phase separate. They will be 
trapped in a metastable bond. The problem with this technique is that the materials deposited 
at low temperature are usually amorphous. Producing films with a crystalline phase at low 
temperature is difficult. Nevertheless, there are three reasons for pursuing making devices in 
crystalline films. First, crystalline materials have much less defect density than amorphous 
materials because of their long range ordering. This not only means higher carrier mobility, 
but also less recombination sites so that carrier lifetime is greatly improved. Both of these 
features contribute to an increased diffusion length, which leads to an improved solar cell 
efficiency as a whole. Secondly, in crystalline materials there are significantly less dangling 
bonds and weak bonds than in amorphous materials. Therefore photo damage because of the 
Staebler-Wronski effect [17] is less likely to happen. This means significantly higher 
stability, less degradation and much improved lifetime for solar cells in practical use. Third, 
the bandgap of crystalline group IV materials is less than their corresponding amorphous 
state, and for tandem cells, we use band gap of-1.1 eV for the bottom cell. 
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1.3 PREVIOUS STUDIES 
A systematic study of the deposition conditions using ECR-PECVD and film properties 
of nanocrystalline Gei_xCx films was conducted by Herrold and Dalai [18, 19]. In that work, 
crystalline Ge and Gei_xCx films were grown on Si wafers and Corning 7059 glass. Ge films 
on Si wafers achieved grain size up to 0.55pm and Raman peak full width at half maximum 
(FWHM) down to approximately 5cm. The mobility of the film reached as high as 
1200cm2/V-sec. It was found that lower power and lower % dilution was beneficial to 
increasing the grain size while higher H% dilution and lower pressure are needed to increase 
crystallinity. 
Optimum Ge;.xCx films on Si wafers show similar grain size of 0.52pm and Raman 
FWHM of 6cm"1. However the mobility was roughly 70 cm2/V-sec, which is significantly 
less than that of Ge samples. The foreign C atoms are believed to serve as scattering sites that 
limit the mobility. The maximum amount of C substitutional^ alloyed in the films was 4.8 
atomic percent and the lattice contracted by a maximal amount of 0.1 Â. This lattice 
distortion causes strain in the film that is evident in the Gei_xCx films on Ge wafers. 
Gei_xCx films deposited on glass also showed crystalline structure, though with much 
reduced quality. Grain size of a few hundred Â was obtained. Band gap can be increased to 
l.OeV with C incorporation of up to 3% while still maintaining the direct gap feature of c-Ge. 
Figure 1.3 shows the absorption coefficient versus energy curves of different Gei_xCx films. 
To obtain nanocrystalline Gei-xCx films, deposition conditions of high power, lower pressure 
and high H% dilution are needed. 
A proof-of-concept diode was made in Ge:C material system. Maximum n doping of 
^ 1O 1 
10 cm" and maximum p doping of 3x10 cm" were achieved. However generation-
recombination current heavily dominates the junction current with measured recombination 
time of 3X10"7S. This indicates that the junction is not of high quality. In this work, we pursue 
a systematic investigation of material and device of Ge and Gei-xCx. 
15*06 
C I 1SHM 
r 
0 scotch. 
* 
If 4 
1$ #00# GH* | —3/477^ 
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Figure 1.3 Absorption vs. energy curves for various Gei-xCx films on glass 
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2. SAMPLE PREPARATION 
2.1 DEPOSITION SYSTEM 
The deposition system used in this research is electron cyclotron resonance plasma 
enhanced chemical vapor deposition system (ECR-PECVD) [16]. In this system plasma is 
created by superposing a static magnetic field and microwave radiation of 2.45 GHz in a 
chamber with the precursor gases. When the cyclotronic frequency of the electrons is equal 
to 2.45 GHz, the resonance condition is satisfied and the plasma is ignited. The plasma gases 
go through a restricting orifice and enter the deposition chamber where the process gases are 
introduced near the substrate holder and are decomposed by the plasma species. Figure 2.1 is 
a schematic of the ECR-PECVD system. 
Roughing 
Pump 
Turbo 
Pump 
Substrate 
Holder 
Dopant ' 
Manifold 
Rout 
Blower 
Pump 
Magnets 
Three Stub 
Tuner 
Wave guide 
ECR 
Source 
ma 
Restricting 
Orifice 
Intrinsic 
Manifold 
Microwave 
Generator 
f=2.54GHz 
Top 
Manifold 
Mechanical 
Pump 
Figure 2.1 Schematic of ECR-PECVD system 
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The advantages of the ECR plasma over the conventional rf plasma can be summarized 
as follows: 
1. High ion density at sample location: Electrons absorb energy more efficiently from the 
microwave source because of the resonance acceleration. Consequently the plasma is 
much denser than the rf-plasma. The plasma density Nj >10ncm"3, an order of magnitude 
higher than the rf-plasma. 
2. Low ion energy: Vj = 10 - 50eV. The ion bombardment with this energy is extremely 
important for the growth of the film with good microstructure and other mechanical 
properties. 
3. High degree of gas decomposition and high concentration of excited species and radicals 
involved in film formation. Disassociation rate as high as nearly 100% can be achieved. 
This improves the gas utilization and dramatically increases the film growth rate. 
4. Low gas pressure: The pressure required to sustain the plasma is much lower, so the 
danger of gas-phase reactions is minimal. Typical ECR operational pressure is 10"4 - 10"2 
Torr. 
5. Easy control of the ion density and ion energy by varying the microwave power and 
chamber pressure. Additional control over the ion energy can be achieved by substrate 
biasing. 
6. Lower contamination, due to the absence of electrodes. 
7. Low energy spread. 
Properties 1 and 2 are essential conditions for making high quality nanocrystalline films, as is 
seen in the next subsection. This makes ECR-PECVD a suitable deposition system for 
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studying such films, although it is not suitable for mass production at present because of the 
inhomogeneity of the deposited film in large area. 
2.2 GROWTH MODEL 
In plasma CVD, the interactions between gas phase species result in ionization, 
excitation, relaxation, dissociation, and recombination. For film growth with PECVD, 
dissociation is the most important process. In ECR PECVD, where the plasma is ignited 
remotely with plasma gases, reactions involved are listed as follows, 
e + % o 2H+ + 3e 
e + GeH4 <=> GeHg + H + e 
e + GeHg <=> GeH^ + H + e 
e" + GeHz <=> GeH + H + e" 
H+ + GeH4 + e" <=> GeHs + Ha 
e" + CH4 <%> CH3 + H + e 
e + CH3 <=> CH2 + H + e" 
e" + CH2 <=> CH + H + e 
+ CH4 <^> CH3 + Hz + e 
GeHi + GeH; <=> GeiH; 
In these reactions energetic electrons excited by the plasma dissociate the gas species. 
The first reaction creates a beam of protons which stream out of the plasma generation area 
toward the substrate surface, due to the plasma potential with respect to the substrate which is 
typically 30V and varies with plasma conditions. The rest of the reactions produce radicals of 
13 
germane and methane, which in turn react with the substrate both physically and chemically. 
The most desirable radicals are GeHj and CH3. At high pressure, the last reaction is likely to 
happen which produces high molecule radicals. These radicals promote uneven growth and 
void formation. 
Film growth is realized by the incorporation of gas radicals onto the surface of the film 
or substrate. Figure 2.2 shows the growth mechanisms in Ge film. When a radical is incident 
on the substrate, it is either chemically bonded to the substrate or react with an active site on 
the previously deposited film where it is incorporated into the lattice. According to the model 
for thin film growth developed by Dalai [20] the primary consideration that determines the 
growth of high-quality Si film is not surface diffusion, but rather the removal of surface 
hydrogen, and that this removal takes place not by reactions between neighboring H bonded 
to adjacent Si atoms, but rather by extraction of hydrogen by H radicals, and F1 and inert gas 
Columnar 
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Figure 2.2 Schematic of growth mechanisms of Ge film 
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ions. Removal of surface H re-activates the surface, increasing the surface energy which 
prevents island formation and promotes uniform growth. For germanium film growth, 
although H removal is still important, surface diffusion of germyl may also limit the growth 
because it has a lower surface mobility than Si. To facilitate germyl diffusion, higher 
temperature and/or more ion bombardment are needed. However, temperature and ion 
bombardment will give the material more activation energy to go to equilibrium, which is 
undesirable for metastable nanocrystalline Gei„xCx film deposition. Therefore a delicate 
balance between those factors must be reached before the making of high quality 
nanocrystalline Gei_xCx film is possible. 
Based on the above model, the conditions for high-quality nanocrystalline film 
deposition are high hydrogen dilution, high power, and low pressure. High hydrogen dilution 
leads to high concentration of H ions and radicals impinging on the surface. These H ions 
and radicals remove the bonded H and create active sites where new bonds can form. H ions 
also penetrate deeper into the lattice and remove some more bulk H. High concentration of H 
radicals ensures that the bonded hydrogen is eliminated promptly and the neighboring atoms 
cross-linked to each other. If the bonded H gets buried and new material grows around it, a 
microstructure with significant void concentration and clustered germanium-hydro gen bonds 
form in the lattice. Such a microstructure leads to rapid degradation. 
H ion bombardment also helps promote the diffusion of germyl radicals on the surface. 
Efficient diffusion of germyl radicals favors two-dimensional growth and prevents three-
dimensional growth of the film. Therefore high-quality homogeneous film will result. 
Another effect of H is that it improves the selectivity of radical production. High H 
concentration favors the formation of GeHj and CH3 and will assume that they are the 
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dominant radicals and production of other species is greatly reduced. If the content of 
radicals such as Getih is high in plasma, columnar growth will result and the surface will be 
rough. This is because when GeH% attaches to the lattice there is another broken bond on this 
radical which provides a preferred site for the next radical to attach. This preferred direction 
of growth promotes the columnar structure to form in the film. For similar reason, GeH 
radicals will promote void formation in the film. Therefore films made with high 
concentration of GeHa and GeH in the gas species will have many dangling bonds and 
micro voids [21]. This is a very unstable structure which must be avoided to have good 
quality films. 
In ECR PECVD, high power and low pressure will produce high electron temperature, 
which leads to high dissociation rate of gas species and produce more ions, as is shown in 
Fig.2.3 for low pressure case. Therefore under these conditions, there is a high ion flux 
2.0E+89 
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Fig. 2.3 Ion density determined using Langmuir probes vs. pressure in ECR reactor. 
impinging onto the surface. As stated above the high volume of ion bombardment will 
increase the surface mobility and make the material more densely packed so that better 
device and material properties will result. 
Another issue in the deposition of nc-Gei_xCx films is the incorporation of C into the 
lattice. Since the lattice constants of C and Ge are very different, incorporation of C into Ge 
will cause severe lattice distortion. Therefore in equilibrium they tend to phase separate. Also 
C-H bond (4.27eV) is much stronger than Ge-C bond (2.47eV). The density of H is very high 
under condition of making nanocrystalline films. The probability of bonding between C and 
Ge is much less than C and H. This makes Gei.xCx film hard to make. The condition to make 
such a film will be high C to Ge ratio to increase the likelihood of Ge-C bonding and low 
temperature to reduce thermal energy. 
To promote crystal phase growth, crystallization agent F2 is also added to the plasma 
gases. The prominent property of F is its large bond energy with H, Si and Ge. In Si film 
growth F more effectively etches away weak H and Si bonds and leave only strong bonds in 
the crystalline phase intact. Therefore films can be grown with higher growth rate while still 
maintain their crystallinity. Another demonstration of its ability of etching away weak bonds 
is the role of F in diamond growth. Fluorine addition favors the growth of diamonds over 
graphite and pushes the growth condition to lower temperature and lower pressure [22-24], 
The weak C-C bonds in graphite make them easy to be etched off by F and only diamond 
phase is left intact. Similar effect is expected to be present in crystalline Ge film growth. 
However since Ge-Ge bonds are much weaker than Si-Si bonds, growth rate may be 
significantly reduced. 
To further increase the probability of C incorporation into Ge lattice, ethylene gas 
(C2H4) is used in place of methane (CH4). This is because the dissociation energy of C2H4 is 
much less than that of CH4. Therefore the density of C containing radicals in the plasma is 
further increased with the use of C2H4. This makes the formation of Gei-xCx more likely. 
18 
3. film and device characterization 
3.1 FILM CHARACTERIZATION TECHNIQUES 
3.1.1 Thickness 
Film thickness is extracted from the oscillating diffraction pattern of the transmission or 
reflection spectrum in the wavelength range of 1000 to 2500nm. Taking the wavelengths of 
the adjacent peaks or valleys, the thickness is given by the following equation. 
where 1| and Z-2 are wavelengths of the adjacent peaks or valleys and n is the refractive index 
of the film. The peaks or valleys should be taken on the longer wavelength end of the 
spectrum because in the above equation we assume n to be constant. The band gap of Gei_xCx 
films are in the range of 1000 - 1500nm. Therefore dramatic change of n occurs in this 
range. The refractive index of the Gei.xCx film is assumed to be 3.8 - 4.0 depending on the C 
content in the film. Figure 3.1 show a typical transmission spectrum of a Gei-xCx film. 
3.1.2 UV Reflection 
UV reflection is the reflection spectrum taken in the wavelength range of 200 - 400 nm. 
In this wavelength range the absorption is so large that films of even a few tenths of 
micrometers thick can be considered infinitely thick. The diffraction pattern does not exist. 
Figure 3.2 illustrates the differences in the spectra for single crystalline, nanocrystalline, and 
amorphous germanium. The peak at around 280nm in the crystalline germanium spectra is 
1 
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Figure 3.1 Transmission spectrum for thickness measurement 
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Figure 3.2 UV reflections for different types of Ge materials 
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the result of interband transition [25]. As the amount of disorder in the lattice increases the 
peak height is reduced until finally they are not present at all in the amorphous sample. This 
method serves as a valuable nondestructive technique to quickly determine whether or not 
the crystalline structure is present in a film. 
3.1.3 Raman Spectroscopy 
Raman spectroscopy is another very useful nondestructive technique for determining the 
degree of crystalline quality of the films. In this technique a laser beam is used to illuminate 
the specimen. Scattered light is collected by the detector in front of the sample. Most of the 
light scattered is of the same frequency as the incident light. This is called Rayleigh 
scattering and is not useful in this measurement. Another type of scattering involves 
phonons, which are lattice vibration quanta. In this type of scattering a phonon is either 
created or annihilated by the incident photon. It is this type of scattering that produces the 
useful Raman spectra. The energy and momentum conservation equations for such a process 
are shown in Equation 3.1 and 3.2, where the subscripts s, i, and p refer to scattered, incident, 
and phonon, respectively. 
h(oy = hû)t ±Ti(op (3.1) 
hks = tik j  ± hqp (3.2) 
In the above equations the minus sign refers to a process that creates a phonon and is 
called Stokes scattering; the plus sign refers to a process that destroys a phonon and is called 
anti-Stokes scattering. 
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Photon momentum is very small compared to the width of the phonon Brillouin zone. 
Momentum conservation limits the Raman scattering to a very narrow band of allowed 
frequencies at the center of the Brillouin zone. For crystalline germanium there is only one 
active phonon mode at 300cm"1 and hence only one peak at this value in the Raman spectrum 
[26]. Amorphous germanium can have a variety of phonon modes, with the most intense 
peak located at 278cm"1. Therefore from the position and shape of the Raman peak we can 
determine whether the material is crystalline, amorphous, or of mixed phases. Figure 3.3 
shows the spectra of a microcrystaUine germanium film and an amorphous germanium film. 
In addition to the peak position, peak width defined by full width at half maximum 
(FWHM) is a very useful parameter for the Raman spectrum. It gives an indication of the 
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crystalline quality of the material. As the material becomes disordered, relaxation of the 
momentum conservation limitation on the phonon mode occurs. As a result, the Raman peak 
begins to broaden. By looking at the change in peak width of a film with respect to the 
germanium wafer, the crystalline quality of the film can be evaluated. 
3.1.4 X-Ray Diffractometry 
Crystalline material is composed of atoms arranged in a periodic lattice structure. The 
atoms can be viewed as being on a series of evenly spaced parallel planes. When X-ray is 
incident on the material, diffraction pattern can be produced by the planes since the spacing 
of these planes is close to the wavelength of the X-ray. Peaks appear at angles satisfying 
Bragg's law 
nA, = 2d sin 0 (3.3) 
where A, is the wavelength of the X-ray, d is the spacing of the planes and 0 is the angle 
between the incident beam and the surface of the sample. The peaks are the result of 
constructive addition of the waves reflected by the planes. Since 9 can be precisely 
determined and X is known, d can be accurately obtained. For cubic system, the lattice 
constant a is then calculated from the equation 
" = (3.4) 
•\lh2 +k2 +l2 
where h, k and 1 are Miller indices of the plane. 
From the above discussion we can see X-rays can also be used as a way to determine 
whether or not there is crystalline phase in the material by observing whether or not peaks 
appear at specific angles because only crystalline materials have periodic lattice and therefore 
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clearly defined planes. Furthermore, grain size of the material can be estimated from the 
width of the peaks using Scherer's formula [27], 
f = (3.5) 
W cosy 
where W is the peak's full width at half maximum. Although the grain size thus obtained is 
only a rough estimation, comparisons between different samples can be made. Further 
information about the samples can be obtained regarding texture, strain and preferred 
orientation by the relative intensities of different peaks. 
3.1.5 Absorption and Optical Band Gap 
Optical absorption as a function of photon energy of a film is an important parameter for 
solar cell. It indicates how efficiently the incident light can cause the electron transition in the 
material. It can also be used to obtain information of the band gap of the material. One 
definition of the optical band gap is the E04 gap, which is simply the energy at which the 
absorption coefficient of the film drops to 1 x 104 cm"1. For direct band gap material, the drop 
of the absorption coefficient at band gap is sharp whereas for indirect gap material the 
transition is much smoother. 
Absorption coefficient was measured in this work using the Perkin Elmer Lambda 9 
UV7VIS/N1R spectrophotometer. In essence the spectrophotometer measures the 
transmission of the film. In this measurement the result is given as optical density OD = 
lg(T), where T is the transmission. Since T and absorption coefficient a have the relationship 
r = (i-a)g-" (3.6) 
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a has the following expression 
^ 2.3x[lg(l-a) + OD] (3.7) 
t 
where R is the reflection and t is the thickness of the film. The difference between 
transmission and absorption measurements is that at high absorption region the signal 
becomes very weak because most of the light is absorbed by the sample. Therefore 
absorption measurements must be conducted at low scan speed to get a good signal to noise 
ratio and thus accuracy. 
3.1.6 Hall Effect Measurement 
Hall effect is the appearance of a voltage drop between the faces of a semiconductor 
sample normal to both the direction of current flow and the applied magnetic field when a 
magnetic field is applied perpendicular to the direction of the current flow. This voltage drop 
is the manifestation of the deflecting Lorentz force associated with the magnetic field that 
acts upon the moving free carriers inside the semiconductor. Hall effect measurement can 
determine the majority carrier mobility, majority carrier density and the type of the majority 
carrier simultaneously. The Hall mobility and majority carrier density are given by the 
following equations respectively. 
VHt (3.8) 
(3.9) 
where Vh is the Hall voltage in volt, B is the magnetic field in gauss, I is the current in amps, 
t is the sample thickness in cm, p is the resistivity in Q-cm and q is the fundamental electric 
charge. 
Hall effect measurement is a very convenient characterization technique for high 
mobility, low resistance materials. However for microcrystaUine material, the mobility is 2 to 
3 orders of magnitude lower than for single crystal materials. The resistance of the sample 
reaches 10 - lOOMCi, sometimes GO. The Hall voltage is in the microvolt range. At such 
low voltage level many otherwise unimportant effects come into play. For example, the 
temperature of the sample can easily fluctuate several tenths of a degree. Semiconductors 
have high temperature coefficient of resistivity. The change in resistance caused by 
temperature fluctuation can make difference in the range of microvolts, which is of the same 
magnitude as the signal. Also with high resistance samples, the leakage current through other 
parts of the circuit can be significant compared to the current through the sample. It will 
shunt some of the current around the sample. Both of these effects can affect the results of 
the measurements and cause experimental error. The RC delay can be high with high 
resistance samples. This will affect the efficiency of the measurements because the reading 
will take a long time to settle. All these difficulties make what seems to be a simple voltage 
measurement become very complicated.In our experiment the Hall geometry was a bar-
shaped 6-point structure of 15mm in length and 2mm in width, following the guidance of 
ASTM F76 [28]. The samples were prepared using photolithography to minimize noise 
introduced by large offset voltage caused by sample shape irregularity. Experiment 
configuration is shown in Figure 3.4. Keithley 220 was used as current source. The two 
Keithley 617 electrometers were configured in guarded mode to achieve isolation and 
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prevent current leakage through outside circuits. They were also gain matched to within 5 
parts per million to maintain accuracy. The outputs of the two electrometers were input to 
Keithley 199 voltmeter, which measures the difference of the two inputs as final reading. The 
connection between the electrometers and the sample was double-shielded triaxial cables 
with the inner shielding connected to the unit gain amplifier inside the electrometer to drive 
the shielding to the same potential as the inner wire, thus compensate for the capacitance 
effect. The maximum magnetic field applied in this experiment is 5000 gauss. A detailed 
description of the exact procedures used for this experiment can be found in ASTM F76 [28]. 
Keithley 220 
Keithley 199 
Keithley 617 Keithley 617 
Figure 3.4 Hall measurement configurations 
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3.1.7 Activation Energy 
In nanocrystalline materials grain boundaries constitute a significant portion of the 
material. Interfaces states in the grain boundaries trap free carriers and charge the interface, 
making the band bending upward for electrons or downward for holes. The built-in voltage 
of the band bending forms a barrier to the carrier movement. Because of the large amount of 
grain boundaries in nano-crystalline materials, this barrier is the dominant mechanism that 
limits the carrier movement, and thus carrier mobility. 
Egct 
The probability for the carrier to overcome the barrier is proportional to e kT , where 
Eact is the activation energy. This makes the current under fixed voltage proportional to 
Egct 
e kT . To measure activation energy, a voltage is applied to the sample between two 
parallel contacts and current is measured at different temperature starting at around 200 °C 
downward. By plotting ln(I) vs. 1/kT, the slope of the line gives the activation energy. 
3.2 DEVICE CHARACTERIZATION 
3.2.1 l-V Characteristics 
The purpose of solar cells is to convert photo energy into electric energy and drive the 
external load. Therefore it is essential that we know how its output current changes with the 
output voltage under illumination. Figure 3.5 shows a typical I-V curve of a solar cell. To 
derive an analytical expression for the I-V curve, a simplified equivalent circuit of solar cells 
shown in Figure 3.6 is used. In this model the cell is considered to be a diode in parallel with 
a current source. In a more practical model series and shunt resistance should also be 
included in the circuit. The I-V characteristics can be described by the following equation. 
-1 (3.10) 
where J(V) is the current density at applied voltage V, Js is the saturation current density, A 
is the diode factor, k Boltzmann constant, T absolute temperature and Jl is the photo 
generated current density. 
The current-voltage characteristics of the solar cell can be described with three 
measurable parameters, namely short circuit current J$c, which is the current of the cell at 0 
bias under illumination; open circuit voltage VQC, which is the voltage generated by the cell 
when the circuit is open; and the fill factor FF, which is given by 
FF = 
he Vqc 
(3.H) 
where Vm and Im are the voltage and current at the point of maximum output power. 
Short circuit current is determined by the absorption of the film, energy spectrum and 
intensity of the illuminating light, and the efficiency of carrier collection (QE) within the cell. 
From equation (3.10) it is equal to JL(0). 
Open circuit voltage can be expressed as the following using equation (3.10). 
r„c=—In J, + 1 (3.12) 
where saturation current due to diffusion can be written as 
A 
(3.13) 
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where Dp, D„ are diffusion coefficients for holes and electrons respectively; p„o, npo are 
equilibrium minority carrier concentrations on n side and p side respectively; Lp, Ln are hole 
and electron diffusion lengths. Since the structure for our solar cell is p+-n", the second term 
in equation (3.13) is negligible compared to the first term, and the equation is rewritten as 
4^ 
5l 
kT 
(3.14) 
Here we further expand the expression for pno. Nc, N v are the effective density of states for 
conduction and valence band respectively; Eg is the band gap; Nd is the doping 
concentration. From equations (3.12) and (3.14), we can see VQC is closely related to the 
material band gap, doping and transport characteristics of the minority carriers. In addition, 
there is a generation-recombination current within the depletion region, which is proportional 
to defect density Nt and depletion layer thickness. 
Fill factor is the parameter that measures the ultimate performance of the cell in practice. 
It gives the maximum output power generated by the cell under given Isc and Voc- The 
higher the factor, the better the performance. It is determined by the carrier collection 
efficiency when the cell is actually driving an external load. To improve fill factor, better 
carrier diffusion length is crucial. 
3.2.2 Quantum Efficiency 
Quantum efficiency measurement is a very useful diagnostic tool for the performance of 
solar cells. It is defined as the ratio of the number of carriers collected to the number of 
photons incident on the device as a function of wavelength or photon energy. 
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The experimental setup is shown in Figure 3.7. Nearly single wavelength light produced 
by the monochrometer is focused and directed to the sample by two lenses and a mirror. 
Current signal is converted to and output as a voltage reading. Positive or negative bias can 
be applied to the sample during measurement. The monochrometer can change the 
wavelength continuously from 200nm to 1800nm. High pass optical filters are added at 700, 
900, and 1200nm to block higher harmonics (shorter wavelength photons) from the 
monochrometer. 
Photon number at each wavelength is calibrated with standard solar cells with known 
performance. Si reference cell is used in wavelengths from 400nm toll OOnm and Ge 
refemce cell is used in wavelengths beyond that. 
To boost signal to noise ratio, especially at longer wavelength, lock-in technique is used 
in this measurement. Monochromatic light incident on the sample is modulated into a square 
Light 
Coupler 
Beam 
Chopper Mirror 
Source 
Light Monochrometer [ \ \ 
V V 
Sample 
v v 
Lock-in 
Amplifier Bias Voltage Source 
Figure 3.7 Quantum Efficiency Measurement Setup 
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wave form by a chopper in front of the monochrometer. Chopper frequency is set at 13.5 Hz 
to exclude utility power frequency. Lock-in amplifier is configured to only amplify signals 
with this frequency and reject any other frequencies. Therefore the signal to noise ratio is 
significantly improved. This technique is especially useful in measuring very small signal in 
a high noise background. 
QE measurements produce many important information about the device. It gives good 
estimation of the absorption of the device at longer wavelengths. QE measured at different 
biases can provide information on carrier transport within the device such as excess 
recombination, carrier trapping at the interface, etc. It can also be used to estimate carrier 
diffusion length when combined with corresponding C-V measurements. 
3.2.3 C-V Measurements 
Nanocrystalline solar cells in this study are of n+-n-p+ type. They are actually one-sided 
p-n junctions with the active layer being the lightly doped n layer. The depletion region is 
almost entirely on the n side. The doping profile and defect density in this active n layer can 
be obtained using C-V measurement. From the theory of semiconductor p-n junctions, the 
capacitance of the junction can be expressed as 
C(F) = I 4%^ (3.15) 
^ 2(^y ± F) 
where Gc,e is germanium permittivity, Na is the density of states within the band gap, xgbi is the 
built-in potential, and V is the applied voltage. By measuring capacitance as a function of 
applied voltage and plotting the curve as 1/C2 vs V, Nd and xgbi can be obtained from the 
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curve's slope and intercept on V axis, respectively. According to Kimmerling's model [29], 
the data at low voltages correspond to the shallow state density (donor states), while the data 
at high voltages correspond to the sum of doping and deep level state density. 
To probe deep level states care must be taken to select the right temperature-frequency 
regime. The attempt to escape frequency can be expressed by 
y  =  K g  e x p ( — ( 3 . 1 ( 5 )  
where vo is ~lxlOn/sec and Ec-Et is the energy from conduction band edge. At too high a 
frequency and low a temperature the deep level state can not respond to the probing signal. 
Since the band gap of germanium is low, 100Hz frequency should be low enough to probe all 
the deep level states at room temperature. 
3.2.4 Diffusion Length 
To make the measurement of diffusion length we make devices such that the diffusion 
length is much smaller than the thickness of the n layer. In this study this requirement is 
satisfied by making the active layer relatively long and selecting the incident light of short 
wavelength so that the absorption is confined to the top surface of this layer. We also assume 
that any photo-generated carriers that reach the edge of the depletion region are swept to the 
end of the depletion region with out recombination. In the infinitely long quasi-neutral region 
the fraction of the collected carriers can be shown to be 
r/J 
% =1 T (3-16) 
1 + otL 
while in the depletion region it is 
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% =1 - (3.17) 
where a is the absorption coefficient, Wd is the depletion region width and L is the carrier 
diffusion length in the n region. 
Therefore the total QE of the device is given by 
OE ==1 (3.1 g) 
1 + 
where we multiply QEn with e~aW" to get the actual contribution to the total QE. 
To simplify this equation, we assume that C/WD is much smaller than 1. Equation (3.18) 
can than be approximated as 
Q B » - ^ - ( L  +  W d )  (3.19) 
1 + ccL 
WD is a function of applied voltages. It can be obtained through C-V measurements 
using the following equation 
C(F)= ^ (3.20) (F) 
QE can also be measured as a function of applied voltages at a fixed wavelength using 
the method described in section 3.2.2. QE vs Wd plot can then be obtained. By fitting this 
curve using linear regression with respect to Wd, we can extract L as the intercept of the line 
on Wd axis. For nano-crystalline germanium, the wavelength of 1200nm should be enough. 
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4. results and discussions 
4.1 NANOCRYSTALLINE Ge-,.XCX FILMS 
4.1.1 Growth Conditions 
Nanocrystalline Gei,xCx films were grown on either stainless steel or 7059 glass 
substrates. It is known from previous work that when there is a significant hydrogen ion flux 
impinging on the substrate, the film becomes crystalline [30-33], To satisfy this requirement 
the films were grown with hydrogen to germane dilution ratio in excess of 20:1. Microwave 
power was 200 Watts, and the pressure was 5 mTorr. Typical growth temperatures were in 
the range of 250 - 270 °C to allow sufficient surface mobility for radicals and not be high 
enough to break the Ge-H bond for grain boundary passivation. 
4.1.2 Optical Properties 
The absorption coefficients vs. photon energy curves are shown in Fig. 4.1. The leftmost 
curve is pure nanocrystalline germanium film. The curve next to it is nanocrystalline Ge:C 
film made with CI I4. To its right is another nanocrystalline Ge:C film made with C2II4 and 
F? It can be seen that the curves for Ge:C film are shifted to higher energy relative to the 
pure Ge film. The E04 values for the Ge:C films (1.04eV and 1.16e V) are higher than that of 
the pure Ge film (0.98eV). We can also see that by using C2H4 and F%, E04 is higher, 
implying C incorporation is higher even though C2H4 to GeFL, ratio is 10 times lower than 
CI I4 to GeFL, ratio in the other film. For comparison, the absorption curve of nanocrystalline 
Si is also shown in the graph. It is almost an order of magnitude lower than the Ge and Ge:C 
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Fig 4.1 Absorption Coefficients for nanocrystalline Ge, Ge:C and Si films 
films. This means that for Ge and Ge:C films to absorb the same amount of light as Si film, 
film thickness can be ten times thinner than the Si film. 
Also seen from Fig 4.1 is that the absorption curves for Ge and Ge:C show quite sharp 
drop around their E04 energies, in contrast to the Si curve. This is an indication of the direct 
band gap feature of the material. Since both films show this feature, the direct band gap 
structure is maintained after the addition of carbon into germanium. 
Fig 4.2 shows the SIMS profile of sample 2-6000. The presence of carbon in the film is 
clearly seen. The carbon signal in the film is clearly higher than that in the substrate, which is 
amorphous Si film on top of Corning 7059 glass. It should be noted however that this 
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measurement yields only qualitative results. The exact amount of C in the film and its 
bonding structure could not be determined. 
XPS were taken on Gei.xCx films. Carbon atoms were also found to be present in the Ge 
lattice. The atomic concentration was found to be about 2.5%. 
4.1.3 Film Crystallinity and Microstructures 
Crystallinity and microstructures of the films were studied using X-ray diffraction and 
Raman spectrums. A typical Raman spectrum for nc-Ge film is shown in Fig. 4.3. This 
spectrum was taken with a Renishaw micro-Raman instrument. The diameter of the laser spot 
on the sample is in the micrometer range. Care was taken to keep the laser power low so as 
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Fig. 4.3 Raman spectrum for nanocrystalline Ge sample 
not to heat the film locally. At high temperature Raman peak will shift to a lower 
wavenumber, as the lattice becomes more relaxed. 
By analogy with nc-Si:H [34, 35], the nc-Ge:H material likely consists of small grains of 
Ge. surrounded by possibly a-Ge:II tissue and with H bonded at the surface. Therefore there 
will be two peaks corresponding to crystalline and amorphous phases in the sample, 
respectively. The peak in Fig.4.3 was deconvolved into two Lorentz peaks. The figure shows 
a strong crystalline Ge peak at 300 cm1 and an a-Ge:II shoulder at 290 cm '. Crystalline Ge 
peak width is 7 cm"1. The ratio between crystalline and amorphous peaks is -6:1, implying a 
high degree of crystallinity in the film [30, 33]. 
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For nanocrystalline Ge:C film made with similar conditions, film crystallinity decreases 
dramatically. Raman spectrum of one such sample is shown in Fig. 4.4. The peak height and 
width of the crystalline peak are considerably lower than the previous one. Crystalline to 
amorphous phase ratio is only 3:1. The amorphous peak is also at lower wavenumber, 
meaning that the bonding is loose. 
A typical X-ray diffraction pattern for nanocrystalline germanium sample is shown in 
Fig. 4.5. The vertical lines in the graph give the peak positions and relative heights for a 
homogeneous and randomly oriented powder sample of crystalline germanium. From the 
XRD spectrum of this film, it is clearly seen that the (220) peak is much higher and narrower 
than the supposedly dominant (111) peak. The fact that (220) peak is narrow means grain 
size in this direction is larger than other directions. Indeed, grain size calculation using 
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Fig. 4.4 Raman spectrum for nanocrystalline Ge:C sample 
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Scherer's formula gives the grain size in this direction to be 52nm while that in the <111> 
direction is only 4.6nm. The fact that (220) peak is much higher than other peaks means that 
the grains are aligned with each other in <220> direction. From the above analysis we can 
infer that the film should be composed of needle-like grains all oriented in the long axis 
<220> direction. Length to width ratio as high as 20:1 was observed. 
The reason for the formation of such microstructure can be understood from the 
perspective of anisotropy of surface energy. The source of this anisotropy is the anisotropy of 
bonding directions within the lattice. Crystalline germanium has a diamond lattice structure. 
In this lattice (111) plane is the close-packed plane. This arrangement maximizes bonding 
possibilities within the plane and consequently minimizes them perpendicular to the plane. 
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Fig. 4.5 X-ray diffraction pattern for nanocrystalline Ge 
Hence, an exposed {111} face of an fee crystal has fewer unsatisfied bonds sticking out of 
the surface than the other faces have, and it therefore has a lower surface energy than other 
faces. {220} planes, on the contrary, are the loosest-packed planes. As a result they have 
higher surface energy than other planes. During growth the system will try to minimize the 
surface energy. To do that it will maximize the area of the surface that has the lowest surface 
energy while minimize the area of the surface that has the highest surface energy. In the case 
of germanium the side walls of the grains have the largest area and therefore they are {111} 
planes; the needle points have the smallest area and therefore they are {220} planes. In this 
way the total surface energy gets minimized. 
There are two ways in which a growing crystallite evolves in shape: deposition 
anisotropy and surface diffusion. Deposition rate from the vapor is often higher on facets of 
high surface energy because bonding is stronger and therefore sticking probability is higher. 
In the case of germanium, {220} planes have high surface energy. Therefore they grow faster 
than other planes. Since the pressure of the chamber is low, there will be very few collisions 
in the course of radical transport. The incident direction of the radicals is perpendicular to the 
surface. The growth will also favor this direction. At the beginning the nuclei of the grains 
are randomly oriented. However the nuclei with <220> direction perpendicular to the surface 
will grow faster than other nuclei with different orientations. As growth proceed, grains with 
wrong orientations will be suppressed and finally sealed off. The majority of the film is 
composed of nicely aligned needle-like grains with long axis perpendicular to the surface. 
Meanwhile, surface diffusion will redistribute mobile atoms so as to minimize total surface 
energy whether growth is occurring or not. This thermodynamic driving force will also make 
the grains longer in <220> direction and shorter in <111> direction. 
However nanocrystalline silicon does not have similar behavior of preferred cri stallo­
graphie texture. It tends to have equiaxed grains. The author speculates that this has to do 
with the H passivation of grain boundaries. Si-H bonds are much stronger than Ge-H bonds, 
thus less likely to break than Ge-H bonds, especially at low deposition temperatures. Grain 
boundaries of silicon crystallites are much better passivated by H than those in germanium. 
Therefore surface energy in silicon films does not show anisotropy as much as in germanium 
films. As a result the preferred orientation growth of grains in silicon films is not so 
pronounced as in germanium films. 
Besides grain shape, grain size of the films was also extracted from the XRD data. It is 
directly related to the growth conditions. Fig. 4.6 shows the influence of varying the 
hydrogen to germane ratio on the grain size in the film. Clearly, as the hydrogen dilution 
increases, the grain size decreases. This result implies that hydrogen ions and or radicals are 
etching the film during growth, and that this etching controls grain size. 
Hydrogen ions and or radicals may also have an effect on grain boundary interface 
energy and consequently on the growth dynamics. The grain boundaries, especially the low-
angle ones in nanocrystalline materials, can be viewed as a wall of dislocations. The core of 
the dislocation is actually a dangling bond. H can passivate these dangling bonds, therefore 
lowering the energy of the grain boundaries. The driving force of grain growth is the 
interface energy of the grain boundaries. During growth the system tries to lower its total 
energy by eliminating the grain boundaries. Lower grain boundary energy means reduced 
driving force for the growth of the grains. More IT dilution makes the grain boundaries more 
passivated. The grain boundaries have less energy. The system can thus accommodate more 
grain boundaries and therefore the grains will become smaller. 
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Higher H dilution also results in more H ion bombardment. Ion bombardment can break 
up the nuclei. These nuclei may not have enough time to reassemble themselves by surface 
diffusion before they are buried by depositing material. Ion bombardment will also cause 
damage to the growing surface and create more nucleation sites in the film. Therefore 
excessive ion bombardment will make the grains smaller. Indeed the films made with high H 
dilution look rough on the surface unlike those made with low H dilution, which is smooth 
and shiny. Less grain boundary energy also helps nucleation. 
Combining ion bombardment, decreased driving force for grain growth, and H etching 
effect, high H dilution makes the grains in the films smaller. By reducing H dilution to the 
lowest possible value before amorphous growth sets in, we have been able to achieve grain 
Hydroge n:Ge rmai ne 
Fig. 4.6 Grain size variation with H dilution at growth temperature of 275°C 
nanocrystalline Ge 
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size as large as 74 nm. Unfortunately, film with such large grain size has great amount of 
internal stress. It lifted off the substrate after temperature was lowered down and sample 
taken out the chamber. Further electrical measurements could not be made. 
It was also observed that the grain size increased monotonically with increasing growth 
temperature, going from 10 nm at a growth temperature of 150 °C to -70 nm at a temperature 
of 300 °C for a film prepared at a hydrogen/germane ratio of 62:1, see Fig. 4.7. This result 
may be a consequence of the increasing loss of hydrogen bonding at the grain boundaries and 
in the a-Ge:H tissue at higher temperatures, which may facilitate grain growth. It confirms 
the analysis in the H dilution case. 
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Fig. 4.7 Grain size variation with growth temperature at H dilution of 62:1 for 
nanocrvstalline Ge 
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4.1.3 Electrical Properties 
In Fig.4.8. we show the results on Hall mobility measured in films deposited on 7059 
glass substrates as a function of grain size for nanocrystalline Ge. All films were n-type. The 
n type doping may be due to a native impurity such as oxygen, which is usually present in all 
plasma systems, especially ECR system where microwave power is introduced from a quartz 
window. Ions from the plasma will etch off O from this window. 
The electron mobility is seen to increase with increasing grain size, as expected. Grain 
boundaries can degrade film performance by acting as electrical carrier traps in 
semiconductors. These trapped charges cause band bending and form barriers to carrier 
transport. An energy band diagram in Fig. 4.9 shows carrier transport across grain boundary. 
Therefore lower grain boundary concentration, meaning larger grain size, is beneficial to film 
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Fig. 4.8 Mobility as a function of grain size for nanocrystalline Ge 
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Fig. 4.9 Energy band diagram shows carrier transport across grain boundary 
electrical properties. In our samples, larger grain size is also accompanied by more 
pronounced crystallographic alignment. Grain boundaries between aligned grains have fewer 
defects. Less defected grain boundaries can trap less charge, and thus lower barriers to carrier 
transport which leads to higher mobility. 
The highest mobility achieved for the as-grown films in this study was 5.4 cm2 ZV-sec at 
300 K. The carrier concentration in these films varied between 2xl015 /cm3 and 2xl017 /cm3, 
with most films having a carrier concentration clustered between 5x1015 /cm3 and 5x1016 
/cm3. 
There was no appreciable influence of carrier concentration on mobility, an expected result 
for nanocrystalline films, where mobility is controlled by transport across grain boundaries 
and not by scattering within the grain. 
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In Fig. 4.10, we show that the mobility increases with increasing temperature, as 
expected. Higher temperature gives the carriers more activation energy to climb over the 
barriers on the grain boundaries. This figure also shows an unexpected result, namely that 
carrier concentration also increases with temperature. We believe that this increase may be 
due to the presence of both shallow (donor) states, and deeper trap states in the material, in 
common with the case for nc-Si:H [30, 36, 37] and that at higher temperatures, there is 
emission of electrons from these deeper states. We cannot determine the specific energy 
levels for these deep states from the current study, but we expect, again in analogy with the 
case for nc-Si:H [37], that such states are distributed in energy, and are not discrete. 
Intentionally p doped films were also made for Hall effect measurements. The dopant 
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Fig. 4.10 Mobility and carrier concentration as a function of temperature for 
nanocrystalline Ge 
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boron was introduced using BiHg gas during deposition. The results are shown in Fig. 4.11. 
Measurement showed that the carrier type is p type. As can be seen from the graph, carrier 
concentration increases as the amount of dopant gas increases and mobility increases with 
carrier concentration. This is clear evidence that the mobility is not controlled by scattering 
within the grain because it will show the opposite trend. It is believed that the mobility is 
controlled by transport across grain boundaries. According to the model mentioned above, 
i.e. interface charge bend the band, for fixed interface state density the amount of band 
bending can be shown to be 
*— mu (cm2/V-sec) - 5 
mu (cm2A/-sec) 
e~np (1/cm3) 4 
np (1/cm3) 
Fig. 4.11 Mobility and carrier concentration as a function of dopant gas for 
nanocrystalline Ge 
49 
where o is the interface charge density, soe is germanium permittivity, NA is the dopant 
density, and q is the electronic charge. This band bending is the activation energy for 
conductivity. It is inversely proportional to the doping density of the material. The measured 
results proved this relationship. The activation energy for the p-doped films is in the range of 
several meV, while for the undoped films it is in the range of several hundred meV. 
However, mobility does not change by that much. This means there are some other 
mechanisms of limiting the carrier transport, most probably scattering centers formed by the 
defects in the film. 
Mobility drops dramatically from around 5 cm2 /V-sec to around 0.5 cm2/V-sec when 
small amount of C is added to the film, everything else kept the same. This may be caused by 
the additional scattering centers introduced by the C atoms and worsening of the film 
crystalline quality by the incorporation of the C into Ge lattice. 
4.2 NANOCRYSTALLINE Ge AND Gei.xCx DEVICES 
4.2.1 Device Structure Design 
The objective of the structure design for nanocrystalline Gci.xCx devices is to take full 
advantage of the high absorption coefficient of the material at long wavelength and make up 
as well as possible the disadvantage of the narrow band gap of the material. In this way, we 
will obtain a device that will exhibit superior long wavelength response to silicon based 
devices while having reasonable power output, i.e. much higher short circuit current and 
reasonable open circuit voltage. 
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The basic structure of the device is shown in Fig. 4.12. It is basically a p+-n-n+ structure 
with transition layers between n+-n and n-p+ interfaces to match the band gap difference of 
the different layers. The top contacts are ITO dots deposited on the top p+ layer. Light comes 
in from the top p layer. The substrate is polished stainless steel, which also act as bottom 
contacts and a back reflector. The n layer may be modified to optimize the solar cell 
performance, such as graded band gap, graded doping to facilitate carrier transport. However, 
with Ge, a low band gap material, there is not much room to play with. In fact early 
microcrystalline Ge devices turned out to be very bad with I-V curves looking almost like 
straight lines and open circuit voltage on the order of only tens of millivolts. The leakage 
current is surprisingly high, on the order of hundreds of micro amps. 
There are several reasons for the high leakage current. First of all, germanium is a low 
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Fig. 4.12 Nanocrystalline Gei.xCx Solar cell structure 
band gap material. The intrinsic carrier concentration is several orders of magnitude higher 
than silicon. Secondly, nanocrystalline germanium material has more defects than silicon. 
The recombination rate of photo carriers is high. The most effective recombination center is 
the grain boundary interface states. A high recombination rate reduces carrier lifetime, which 
leads to shorter diffusion length. According to equation (3.14) it will lead to high leakage 
current. Grain boundaries are also the place where impurities segregate. They may provide a 
channel for the carriers to pass through. Furthermore germanium has much higher absorption 
coefficient than silicon. The active layer needed to absorb the light is much thinner. The 
interior electric field is high for thinner active layer. The threshold for impact ionization for a 
low band gap material is low. This will also increase the carrier concentration inside the 
active layer. From equation (3.12) we can see that high leakage current reduces open circuit 
voltage. 
To improve the leakage problem, the growth conditions were controlled so that small 
amount of amorphous germanium is incorporated into the material. The amorphous phase 
seals off the grain boundary channels to prevent carriers from passing through. The 
amorphous phase has higher band gap than crystalline phase because of higher H content in 
the amorphous phase. This will increase the band gap of the material somewhat. However, 
the content of the amorphous phase must not be too high. Amorphous phase has much worse 
electric properties than crystalline phase. Carrier mobility for amorphous germanium is 
orders of magnitude lower than crystalline phase. Since the amorphous phase is mainly found 
between the grain boundaries, it will act as a barrier to carrier transport because of its high 
band gap and charge trapping. Therefore this amorphous tissue between the grains must be 
thin for carriers to tunnel through. Also amorphous phase has different optical characteristics 
than crystalline phase. Too much amorphous phase will change the optical response of the 
material. From the above discussion we can see that amorphous phase in active layer of 
nanocrystalline germanium device is necessary, but its amount must be kept low so that the 
film properties will not degrade. 
To reduce recombination, i.e. increase carrier lifetime, we need to reduce the defect 
density of the active layer. Defects mainly come from the grain boundary interface states. To 
neutralize these defects large amount of hydrogen is introduced into the plasma chamber 
during deposition. These H radicals produced by the plasma bond with Ge and terminate the 
dangling bonds. Defects are thus passivated. Defects inside the grains come from oxygen that 
is introduced by plasma etching of the quartz window. Oxygen form donor states in 
germanium lattice. TMB of 20ppm was added to the deposition gases during growth to 
compensate for these donor states. 
Transition layers between n+ and n- are composed of amorphous silicon, nanocrystalline 
silicon and nanocrystalline silicon-germanium. Amorphous silicon layer is used to seal the 
shorts that may form between the nanocrystalline layers and the substrate. Nanocrystalline 
silicon and silicon-germanium layers are used to match the band gaps of the n+ layer, which 
is amorphous silicon, and the active layer. Higher band gap material is used as n+ layer so 
that there will be an internal electric field that will prevent holes from diffusing into the n+ 
layer. The band gap must change gradually so that this field will not become high enough to 
generate hot carriers. The graded nanocrystalline silicon germanium layer serves this 
purpose. 
The top layer of the device is p+ layer. This layer is the window layer where light enters 
the device. It must be thin so that most of the incident light passes through. The material 
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selected was nanocrystalline silicon or silicon-germanium. It has higher band gap to further 
reduce absorption. Higher band gap helps increase built-in potential which will improve open 
circuit voltage. It also serves the function of repelling electrons from reaching the interface of 
the two layers so that surface recombination is reduced. However, a hole trap forms on the 
interface of the two layers because of the band mismatch, as is shown in Fig. 4.13. This kind 
of trap prevents holes from reaching the p+ layer and severely affects the performance of the 
device. Devices with this kind of hole trap tend to have low current and low voltage as is 
seen in Fig. 4.14. This device is nanocrystalline germanium device with nanocrystalline 
silicon p+ layer and very thin transition layer. To remedy this situation, a graded layer of 
nanocrystalline silicon-germanium transition layer was added to the interface and p+ layer 
was made with nanocrystalline silicon-germanium. This transition layer smoothed out the 
P+ 
/ 
n+ 
Hole Trap 
Fig. 4.13 Nanocrystalline Gei_xCx Solar cell band diagram 
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Fig. 4.14 I-V curve for device with hole trap 
notch formed by the two mismatched layers and holes will have less difficulty reaching the 
p+ layer. Device performance improved significantly, as will be shown in the next 
subsection. 
4.2.2 Results on Devices 
Fig. 4.15 shows the I-V curve of one of the optimal nanocrystalline germanium devices 
made with the techniques discussed above. Shown together in the same graph is the I-V 
curve for an optimal nanocrystalline silicon device. It can be seen that the short-circuit 
current density for the germanium device is 50% higher than the silicon device. Open-circuit 
voltage and fill factor is still reasonable. This much higher photo current density is attributed 
to the much higher absorption coefficient of the germanium layer in the whole range of solar 
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Fig. 4.15 I-V curve for nanocrystalline Ge device in comparison with nanocrystalline 
Si device 
spectrum, especially in the long wavelength region. The thickness of the active layer of 
nanocrystalline germanium device is only half as thick as that of nanocrystalline silicon 
device. Lower open-circuit voltage and fill factor is due to the lower band gap and higher 
defect density of this layer. 
It was also found that it was necessary to keep the plasma on between n and p layers, 
because otherwise the p layer did not become nanocrystalline. If that happened, a notch in the 
band diagram similar to that in Fig.4.13 developed at the p-n interface, leading to inflection 
points in I-V curves, as is shown in Fig. 4.16. 
To probe the absorption of the device active layer, the quantum efficiency of the device 
56 
-0.4 -0 .2  0.2 0.4 
V (V) 
Fig. 4.16 I-V curve for nanocrystalline Ge device with interrupted plasma between n and 
p+ layer 
was measured as a function of incident photon energy with a reverse bias of 0.5V. The result 
is shown in Fig. 4.17. Also shown in the graph is a QE curve for a typical nanocrystalline 
silicon device. Quantum efficiency is a measure of ratio of the photo generated carrier 
concentration to the incident photon density, provided that the collection is complete which is 
a good approximation for device under reverse bias. The QE curve will be of the same shape 
if the product of the absorption coefficient and thickness is less than 1. It will give a good 
approximation of the absorption coefficient in the long wavelength region. 
As clearly shown in Fig. 4.17 the curve for nanocrystalline germanium device is more 
abrupt near the band edge than that for the nanocrystalline silicon device. This means that the 
germanium device has much better response than silicon device in the long wavelength 
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Fig. 4.17 QE as a function of photon energy for nanocrystalline germanium and 
nanocrystalline silicon devices 
region. Also worth noting is that the germanium curve drops sharply below 0.9eV while the 
silicon curve changes more gradually in the whole range of measurement. This difference is 
attributed to the fact that germanium is an almost direct band gap material while silicon is an 
indirect band gap material. It is also the reason that germanium has much higher absorption 
coefficient than silicon. 
Defect density and diffusion length of the base layer determines the quality of the 
material in the device. Capacitance measurements were used to determine state density in the 
band gap of the material. Fig. 4.18 plots 1/C2 vs reverse bias at a frequency of 100Hz. The 
slope of the curve gives the state density from. The low voltage part of the curve corresponds 
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Fig. 4.18 C-V relationship for nanocrystalline germanium device at 100Hz 
to the donor states; the high voltage part corresponds to the combination of donor and deep 
level states. The donor density is calculated to be 8.68xl017 cm"3, the deep level state density 
is calculated to be 5.52xl017 cm"3. This defect density is 1-2 orders of magnitude higher than 
silicon devices. 
We also measured capacitance at several frequencies. The result is shown in Fig. 4.19. 
Two observations can be made from this graph. First, the slope of the C-V curve decreases 
with decreasing frequency. This means more states are excited with lower frequency. The 
position of the deep level states is correlated to the frequency of the test signal by equation 
(3.16). Since this change is continuous, we can conclude that the distribution of the states is 
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Fig. 4.19 C-V relationship for nanocrystalline germanium device at various frequencies 
continuous inside the band gap, in agreement with the Hall measurement result, see Fig. 4.10. 
Secondly, the capacitance does not saturate with bias at high frequency. This means that the 
depletion region does not expand the whole n region under reverse bias of 2V. This is the 
result of the high doping density of the material. 
Diffusion length was measured using quantum efficiency vs voltage techniques, in 
combination with capacitance-voltage measurements. The results are shown in Fig. 4.20. 
This graph shows that the QE vs depletion width curve follows good a linear relationship. 
The diffusion length is found from the intercept on the W axis. The diffusion length in this 
sample is 0.55 micrometer. The diffusion length of nanocrystalline germanium device is 
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Fig. 4.20 Estimation of diffusion length from relative QE vs. reverse bias data 
generally low compared to that of nanocrystalline silicon [37] because its defect density is 
higher than nanocrystalline silicon. This may be the result of the higher bonding strength 
of Si-H so that the dangling bond passivation is more complete. 
It is worth noting that the diffusion length is measured in the actual device environment 
where carrier transport is in the vertical direction to the substrate. This is the direction in 
which the transport takes place during actual device operation. Thus it gives true description 
of the device properties. Transport properties such as Hall mobility, conductivity and 
activation energy as described in the previous sections are measured in the lateral direction. 
Properties in the vertical direction are usually much better than those in the lateral direction 
because the growth direction is vertical. 
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Nanocrystalline Gei„xCx devices were made by adding CTI4 into the stock gas mixture. 
Fig. 4.21 and Fig.4.22 show the I-V curve and QE vs energy of one of the nanocrystalline 
Gei-xCx devices, respectively. The I-V curve of nanocrystalline Gei_xCx device is not as good 
as that of nanocrystalline germanium device. This is because of the much worse transport 
properties of such material, as indicated by the low Hall mobility and poorer Raman 
spectrum and smaller grain size. Introduction of carbon atoms is believed to cause lattice 
distortion and thus increase the amount of the scattering centers and traps. The QE vs energy 
curve shifts to higher energy with respect to nanocrystalline germanium device, indicating 
the band gap is widened by the addition of carbon. However this does not lead to higher open 
circuit voltage because the saturation current of the diode is larger as a result of the worse 
quality of the material. 
-0.6 -0.4 -0.2 0.2 
Fig. 4.21 I-V curve of nanocrystalline Ge,.xCx device 
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5 conclusions 
In summary, a systematic study has been carried out of the growth and properties of 
nanocrystalline Ge:H and (Ge,C):lI films and devices. The following significant results were 
obtained: 
1. Growth. It has been shown that it is possible to grow nc-Ge:H films using plasma CVD. 
The growth results show that as the temperature increases, the grain size increases. Grain 
sizes as large as 74 nm have been obtained, the largest value reported for any 
nanocrystalline Group IV films grown at lower temperatures on foreign substrates. These 
grain sizes are much larger than obtained in nc-Si:H deposited at similar temperatures, 
which are generally in the 10-15 nm range. The grains are primarily oriented in <220> 
direction, in contrast to the case for nc-Si:H, where, under similar conditions, both <111> 
and <220> grains are present. We have identified the bonding of H at the grain 
boundaries as the likely cause for the different grain orientations and grain sizes in the 
two materials. Si:H bond is much stronger than Ge:H bond. Therefore, in nc-Si:H, H is 
tightly bonded at the grain boundaries at the growth temperatures used, -200-300 °C. In 
contrast, in nc-Ge :H, many of the Ge:H bonds have probably been broken at these 
temperatures. Bonding of H at the boundaries prevents grains from agglomerating and 
growing. When the growth temperature for nc-Ge:H is lowered to -150 °C, the grain size 
indeed decreases, as the model predicts. The natural growth orientation for either Si or Ge 
has been shown to be <220>. That is what happens under CVD growth when no ions are 
present. The ions in the plasma create H etching of the grains during growth, and that 
disturbs this natural growth cycle, and leads to alternative <111> growth. We have also 
64 
shown experimentally that indeed, increasing the flux of H ions impinging on the surface 
decreases the grain size, thereby verifying the predictions of the growth model discussed 
above. 
2. Raman spectrscopy data show a high degree of crystal Unity in nc-Ge: H films, with sharp 
peaks at 300 cm"1, and a much lower amorphous shoulder at ~ 286 cm"1. 
3. We have shown that adding C to Ge reduces the crystallinity significantly, as verified by 
both x-ray diffraction and Raman spectroscopy. This reduction in crystallinity is 
accompanied by a reduction in Hall mobility. 
4. We have shown that it is possible to obtain Hall mobilities significantly larger (~ 5 
cm2/V-s) than is the case for nc-Si:H deposited under similar conditions (~ 0.5-1 cm2/V-
s). The mobility has been shown to be directly related to the grain size. Mobility 
increases with temperature, as expected. A new apparatus for measuring very low Hall 
mobilities was developed and built during this project (primarily by Mr. Max Noack). 
5. It was shown that as grown films were always n type. They could be doped to p type by 
adding diborane. As expected, mobilities increased and activation energy decreased as 
the B concentration increased. 
6. p+nn+ junction devices were fabricated in both nc-Ge:H and nc-(Ge,C):H materials on 
stainless steel substrates. To make the devices work, it was necessary to match various 
interfaces by using bandgap grading techniques. It was also found that it was necessary to 
keep the plasma on between n and p layers, because otherwise the p layer did not become 
nanocrystalline. If that happened, a notch developed at the p-n interface, leading to 
inflection points in I-V curves. 
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7. Using devices, we could estimate the defect density, doping density and diffusion lengths 
of minority carriers in nc-Ge:H. This is the first time ever that such measurements have 
been made in this material. 
8. It was shown that as C was added, the quantum efficiency edge shifted to higher energies, 
a clear indication that the bandgap was increasing with the addition of C. Thus, it was 
conclusively shown that C was going in as a substitutional element, and not simply as an 
interstitial atom. There may be additional interstitial C, but some C is definitely 
substitutional, forming an alloy with Ge. This is the first time that a photovoltaic junction 
device has been fabricated and shown to work in the nanocrystalline (Ge,C) system. 
9. Corresponding to the higher band gaps observed as C was added, the open-circuit 
voltages also increased, and short circuit currents decreased, as expected. 
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6. SUGGESTIONS FOR FUTURE WORK 
Based on the work we have done, it is suggested that a systematic study of the growth of 
nc-Si:H also be undertaken, to examine factors such as H ion bombardment, bonding of H to 
Si and its influence over growth of grains etc. It is also suggested that to avoid the oxygen 
problem present in ECR reactors, alternative PECVD techniques which lower ion energies, 
such as higher frequency PECVD techniques, using frequencies in the 50-100 MHz range be 
utilized to produce nc-Ge:H, nc-(Ge,C):H and nc-Si:H films and devices. Such studies will 
likely yield films with lower doping and defect densities and thereby lead to devices with 
higher performance. 
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Abstract 
We report on the growth and properties of nanocrystalline Germanium:H alloy films, 
grown using a remote, low pressure electron-cyclotron-resonance (ECR) plasma deposition 
technique. The films were grown on glass and stainless steel substrates from mixture of 
germane and hydrogen. X-ray diffraction spectra revealed a predominant <220> orientation 
in the films. Raman spectra showed a sharp peak at 300 cm4. The grain size in the films 
could be controlled by controlling the amount of hydrogen dilution during growth, with 
higher dilutions leading to a smaller grain size. Grain size varied between 15 nm and 74 nm. 
Hall measurements were used to characterize the electrical properties of the films, and they 
showed that as-grown films were always n type, with carrier concentrations in the 1016/cm3 
range. The mobility of electrons was shown to increase with increasing grain size, with the 
highest mobility being 5.6 cm2/V-sec at 300 K. Mobility and carrier concentration both 
increased with increasing temperature, the latter observation implying that there is a 
distribution of deep states in the material. 
Nanocrystalline germanium-hydrogen alloy (nc-Ge:H) is a potentially important 
material for thin film solar cells and image sensors [1,2]. In analogy with nc-Si:H [3,4], the 
nc-Ge:H material likely consists of small grains of Ge, surrounded by possibly a-Ge:H tissue 
and with H bonded at the surface. Even though the grain size is generally very small, of the 
order of 15-30 nm, one can make reasonable quality photovoltaic devices in this material 
[1,2], implying that the holes are able to transport successfully across the grain boundaries. In 
analogy with the case for nc-Si:H, it is believed that the presence of a-Ge:H and H bonded at 
the grain interfaces provides passivation of defects, and allows for efficient transport of 
minority carriers across these boundaries. Clearly, increasing grain size to ~100nm range, 
while maintaining grain boundary passivation, would be expected to result in increase in 
mobility and a decrease in grain-boundary recombination, and thereby potentially increase 
diffusion length and photovoltaic conversion efficiency. In this paper, we show that a careful 
control over plasma chemistry during growth results in a significant increase in both grain 
size and in electron mobility, while maintaining the low growth temperature needed to 
preserve beneficial grain boundary passivating Ge-H bonds. 
The nc-Ge:H films were grown on either stainless steel or 7059 glass substrates using 
a remote ECR plasma deposition technique described previously for the growth of nc-Si:H 
and nc-Ge:H [5,6]. Briefly, the technique consists of using an upstream hydrogen ion and 
electron beam, created in the resonance zone of the ECR reactor, and mixing it with germane 
near the substrate, thereby leading to the growth of crystalline, as opposed to amorphous, 
films. It is known from previous work that when there is a significant hydrogen ion flux 
impinging on the substrate, the film becomes crystalline [5-8]. Typical growth temperatures 
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were in the range of 250-275 °C, though for some experiments, the temperature was varied 
between 210 and 300 °C. Microwave power was 200 Watts, and the pressure was 5 mTorr. 
Such a low pressure was necessary because at much higher pressures, the hydrogen ion flux 
arriving at the substrate was too low to induce crystallinity [5, 8]. The films were grown from 
a mixture of germane, diluted 10% in hydrogen, and hydrogen. Dilution ratios of hydrogen to 
germane were varied in the range of 57:1 to 20:1. 
The crystallinity of the films was measured using x-ray diffraction and Raman 
spectroscopy. Fig. 1 shows the x-ray diffraction spectrum for a typical film grown on 
Coming 7059 glass substrate. From Fig. 1, it is seen that the predominant orientation is 
<220>, in contrast to the case for nc-Si:H films grown using ECR plasma deposition, where 
the predominant orientation was <111> [5, 8]. The grain size in this film, determined by 
using Scherer's formula, is 52nm. In Fig. 2, we show the Raman spectrum for the film, 
measured with a Renishaw micro-Raman instrument. Care was taken to keep the laser power 
low so as not to heat up the film. The figure shows a strong crystalline Ge peak at 300 cm"1 
and an a-Ge:H shoulder at 290 cm"1. The ratio between crystalline and amorphous peaks is 
-5:1, implying a high degree of crystallinity in the film [5, 8]. 
In Fig. 3, we show the influence of varying the germane to hydrogen ratio on the 
grain size in the film. Clearly, as the hydrogen dilution increases, the grain size decreases. 
This result implies that hydrogen ions and or radicals are etching the film during growth, and 
that this etching controls grain size. Indeed, as the hydrogen dilution increased, there was a 
significant reduction in growth rate, from 0.5 A/sec to 0.2 A/sec. By controlling this etching 
process, we have been able to achieve grain size as large as 74 nm. 
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In Fig.4, we show the results on Hall mobility measured in films deposited on 7059 
substrates as a function of grain size. To measure such small mobilities, a well shielded 
experimental apparatus was used employing tri-x cables and two electrometers to measure 
voltages [9]. All films were n type. The electron mobility is seen to increase with increasing 
grain size, as expected. The highest mobility achieved was 5.6cm2/V-sec at 300 K. The 
carrier concentration in these films varied between 2xlOI5/cm3 and 2xl017/cm3, with most 
films having a carrier concentration clustered between 5xl015/cm3 and 5xl016/cm3. The n 
type doping may be due to a native impurity such as oxygen, which is usually present in all 
plasma systems. There was no appreciable influence of carrier concentration on mobility, an 
expected result for nanocrystalline films, where mobility is controlled by transport across 
grain boundaries and not by scattering within the grain. 
In Fig.5, we show that the mobility increases with increasing temperature, as 
expected. This figure also shows an unexpected result, namely that carrier concentration also 
increases with temperature. We believe that this increase may be due to the presence of both 
shallow (donor) states, and deeper trap states in the material, in common with the case for nc-
S i : 11 [5,10,11] and that at higher temperatures, there is emission of electrons from these 
deeper states. We cannot determine the specific energy levels for these deep states from the 
current study, but we expect, again in analogy with the case for nc-Si:H [11], that such states 
are distributed in energy, and are not discrete. 
We also observed that the grain size increased monotonically with increasing growth 
temperature, going from 19 nm at a growth temperature of 210 C to 70 nm at a temperature 
of 300 C for a film prepared at a hydrogen/germane ratio of 27:1. This result may be a 
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consequence of the increasing loss of hydrogen bonded at the grain boundaries and in the a-
Ge:H tissue at higher temperatures, which may facilitate grain growth. 
In conclusion, we have shown that by carefully controlling the hydrogen etching 
during growth, one can control the grain size in nc-Ge:H even when the films are grown at 
relatively low temperatures of 250-275 °C. Grain sizes could be controllably varied between 
15 nm and 74 nm. The as-grown films were always n type. Mobility of electrons was shown 
to increase with increasing grain size. Both mobility and carrier concentrations increased 
with increasing temperature, the latter effect implying that there may be distribution of deep 
states in the material from which electrons can be emitted into the conduction band at higher 
temperatures. Mobility values of 5.6cm2/V-sec were measured at 300 K in samples with 
larger grains. The as grown films were always n type, and the doping was in the range of 
5xl0^to5xl0"W. 
This work was supported in part by a subcontract from National Renewable Energy 
Laboratory. We thank D. Stieler and Max Noack for their technical help. 
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Figure Captions 
1. X-ray diffraction spectrum of a nanocrystalline Ge:H film grown on 7059 glass 
substrate using the ECR plasma process. From Scherrer's formula, one deduces a 
grain size for the dominant <220> peak to be 52 nm. 
2. Raman spectrum of a nc-Ge:H film, measured using 488 nm line from an Argon laser 
at low power. The peak at 300 cm"1 is due to crystalline Ge fraction, and the shoulder 
at 290 cm"1 is due to a-Ge:H fraction in the film. 
3. Grain size vs germane/hydrogen ratio. As the hydrogen dilution increases, grain size 
decreases, implying that H is etching the grain during growth. 
4. Hall mobility vs. grain size in nc-Ge:H films. 
5. Hall mobility and carrier concentration for a nc-Ge:H film vs. temperature. The 
increase in mobility with temperature is characteristic of nanocrystalline materials. 
The increase in carrier concentration with increasing temperature may be due to 
emission from a distribution of deeper states in the bandgap. 
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ABSTRACT 
Nanocrystalline Germanium-Carbon alloys, denoted by nc- (Ge,C):H, are a 
potentially useful new electronic material whose bandgap can be varied by changing the 
Ge:C ratios. We have shown previously that nanocrystalline (Ge,C):H films can be grown 
using remote ECR plasma deposition. In this paper, we report on the crystal structure, 
electron mobility and some device related properties of these materials. The materials were 
grown using mixtures of either germane and methane, with significant hydrogen dilution, or 
from mixtures of ethylene and germane, also with significant hydrogen dilution. X-ray 
diffraction measurements indicated a predominantly <111> crystal structure. The grain size 
was in the range of 10 nm. Raman measurements clearly show the 300 cm-1 Ge peak in the 
films. Electron Hall mobilities were measured in these films and were found to be in the 
range of 2.5-3 cm2/V-sec. Proof-of-concept p+nn+ junction devices were fabricated and 
showed distinct photovoltaic properties. The open circuit voltage was found to be a strong 
function of the itnerfaces between n+ and n layers, and between p+ and n layers. The use of 
an amorphous n+/n inter face at the back of the improved the device performance 
significantly. Capacitance measurements indicated that the device behaved according to 
standard p/n junction theory, with the n- doping in the base layer being in the 1017/cm3 range. 
Thus, the base layer was not intrinsic, but rather n type, as may be expected for a crystalline 
as opposed to amorphous material. Quantum efficiency data indicated that as C was added to 
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the material, the edge of the QE curve shifted to higher photon energies, indicating larger 
bandgaps. 
INTRODUCTION 
Nanocrystalline (Ge,C):H materials are of some interest for photovoltaic, image sensing 
and graded bandgap electronic devices. We have shown previously that the optical properties 
of the material behave are similar to the optical properties of crystalline Ge, with addition of 
C leading to a shift of the bandgap to higher energies [1, 2], It appears that both the L and the 
F valleys in the conduction band are moving simultaneously upward as more C is added to 
the material. In this paper, we study the fabrication of devices in this material system and 
report on a novel interface design used to improve device performance. We also study some 
fundamental properties such as doping density and electron mobilities. We also report on 
quantum efficiency measurements to study the influence of adding C on the movement of the 
absorption edge. 
MATERIAL GROWTH AND PROPERTIES 
The materials and devices were grown using a remote, low pressure ECR technique 
previously described [3], Basically, a remote, hydrogen rich discharge is generated in an 
ECR reactor at low pressures ( ~ 5 niT) and the material is grown using mixtures of germane 
(prcdiluted in hydrogen for safety reasons) , methane and hydrogen. We have also sued 
ethylene as a source of carbon, but the results in this paper are for films and devices prepared 
using methane. The substrate temperatures were in the range of 300 C, and pressure in the 
reactor was 5 mTorr. Higher pressures (10 mTorr and above) led to the growth of amorphous 
films. Microwave power was 200 W. The typical flow rates were: Hydrogen =55 seem, 
germane =0.4 seem and methane=0-4 seem. It was always necessary to use very high 
hydrogen dilutions to achieve nanocrystallinitv in Ge, in contrast to the case for Si, where 
much lower hydrogen dilution values (10:1) could be used. The ratio of methane to germane 
was kept high because methane is much more difficult to decompose than germane. 
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In Fig. 1, we show the Raman spectrum for a nc-(Ge,C):H film whose bandgap was ~ 
1.0 eV. The classical 300 cm-1 Ge peak is clearly seen in the figure. The crystalline C peak is 
not visible because of fluorescence in that region of the spectrum. In Fig. 2,w e show the x-
ray diffraction peak for another (Ge,C):H sample prepared using similar conditions. The 
<111> peak at 27 degrees is clearly visible. We estimate the grain size, using Scherrer's 
formula, to be - 7.5 nm. The sharp peaks at 38 and 44 degrees are diffraction from the steel 
substrate on which the film was grown. 
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We measured the Hall mobility in these materials using the double-electrometer set up 
described in the literature from Keithley Instruments [4], The low mobilities in these 
materials make the use of standard Hall measurement apparatus impossible because of the 
small signals, and one has to resort to carefully shielded configurations to measure the small 
signals. The electron Hall mobility was found-to be 2.6 cm2/V-sec. The material was n type 
with a carrier concentration of lxl017/cm3. 
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DEVICE FABRICATION AND PROPERTIES 
p/n junction devices on stainless steel substrates were fabricated in these materials. The 
device structure is shown in Fig. 3. It consists of a n+ amorphous Si layer, followed by a thin 
undoped a-Si:H layer, which in turn is followed by a graded gap nanocrsytalline (Si,Ge) 
buffer layer. This is followed by the n-type nc-(Ge,C):H base layer. This layer is followed 
by a buffer layer consisting of a nanocrystalline (Si,Ge) layer with increasing bandgap and a 
graded gap a-(Si,C):H layer. The p layer is an amorphous (Si,C):H layer. An ITO contact 
completes the device. The purpose of the thin a-Si:H layer next to the n+ layer is to provide a 
compact layer to seal up any shorts. The graded gap buffer layers at the front and the back of 
the base layer provide for bandgap matching and also serve to provide a field to drive the 
holes away from the back (n+/n) interface and electrons away from the front (p+/n) 
interface, thereby reducing recombination at these interfaces. We found that the use of back 
amorphous buffer layers was absolutely critical for achieving devices with reasonable fill 
factors. Without them, the short density was too high and the fill factors and voltages 
deteriorated significantly. 
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Fig. 3 Schematic diagram of solar cell 
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In Fig. 4, we show the I(V) curve for a nc-Ge:H cell, and the corresponding quantum 
efficiency (QE), plotted on a log scale, is shown in Fig. 5. The QE data clearly shows that 
the material follows the absorption of crystalline Ge. In Fig. 5, we also show the QE curve 
for a nc-(Ge,C):H cell. Upon comparing the two QE curves in Fig. 5, we see that the addition 
of C has clearly moved the edge of the QE curve to higher energies, implying a higher 
bandgap by about 0.2 eV. 
The capacitance-voltage curve for the nanocrystalline Ge:H device is shown in Fig. 6. It 
shows a built-in voltage of 0.62 V and a donor density of 2.6x1017/cm3. 
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CONCLUSIONS 
In conclusion, we have fabricated the first ever p/n junction photovoltaic devices in 
both nc-Ge:H and in nc-(Ge,C):H. The materials and devices were grown using remote ECR 
plasma discharge techniques with a high hydrogen dilution. The quantum efficiency data 
clearly show increasing bandgap as C is added to Ge. To improve device performance, we 
had to use a thin graded gap amorphous buffer layer at the n+/n interface. Both capacitance 
and Hall measurement data show a doping density in the l-2x!017/cm3 range in the n layers. 
For best devices, this value will have to be reduced. Electron Hall mobility is ~ 2.6 cm2/V-
sec. 
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Abstract 
Nanocrystalline (Ge,C):H alloy materials and devices is a potential new material for 
photovoltaic energy conversion. Crystalline (Ge,C) alloys cannot be made using thermal 
equilibrium methods, because the solubility of C in Ge is very low. In this paper, we show 
that by using non-equilibrium plasma deposition techniques, one can deposit nanocrystalline 
(Ge,C):H alloys with band gaps dependent upon C concentration. The materials and devices 
were grown using ECR plasma deposition from mixtures of methane, germane and hydrogen. 
Raman and x ray spectra showed definite evidence of crystallinity. The grain size was varied 
systematically between 8 nm and 47 nm, depending upon the degree of hydrogen etching 
used during deposition. The deposited films were generally n type and the Hall mobility 
varied between 0.6 cm2/V-sec and 5 cm2/V-sec. p+nn+ devices were made in this material on 
steel substrates and showed an increase in open circuit voltage as methane concentration 
increased. Capacitance data showed a doping density in the 1017/cm3 range. Quantum 
efficiency data showed that the response of the material extended out to 1.5 micrometer for 
Ge, and to lower wavelengths as methane was added. The QE data also showed that the 
optical absorption in devices was similar to that for c-Ge with bandgaps shifting out to higher 
energies as C as added. Minority carrier diffusion lengths were measured and found to be in 
the 0.25 micrometer range. 
